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vnd/Nkx2
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ind/GsxSubdivision of the neuroectoderm into discrete gene expression domains is essential for the correct
speciﬁcation of neural stem cells (neuroblasts) during central nervous system development. Here, we extend
our knowledge on dorsoventral (DV) patterning of the Drosophila brain and uncover novel genetic
interactions that control expression of the evolutionary conserved homeobox genes ventral nervous system
defective (vnd), intermediate neuroblasts defective (ind), and muscle segment homeobox (msh). We show that
cross-repression between Ind and Msh stabilizes the border between intermediate and dorsal tritocerebrum
and deutocerebrum, and that both transcription factors are competent to inhibit vnd expression. Conversely,
Vnd segment-speciﬁcally affects ind expression; it represses ind in the tritocerebrum but positively regulates
ind in the deutocerebrum by suppressing Msh. These data provide further evidence that in the brain, in
contrast to the trunc, the precise boundaries between DV gene expression domains are largely established
through mutual inhibition. Moreover, we ﬁnd that the segment-polarity gene engrailed (en) regulates the
expression of vnd, ind, and msh in a segment-speciﬁc manner. En represses msh and ind but maintains vnd
expression in the deutocerebrum, is required for down-regulation of Msh in the tritocerebrum to allow
activation of ind, and is necessary for maintenance of Ind in truncal segments. These results indicate that
input from the anteroposterior patterning system is needed for the spatially restricted expression of DV
genes in the brain and ventral nerve cord.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
During central nervous system development distinct numbers of
diverse cell types become arranged in reproducible spatial patterns, as a
prerequisite for the establishment of speciﬁc functional contacts. The
generation of various neural cell types therefore is a fundamental process
in central nervous systemdevelopment. Inorganismsasdiverse as insects
andmammals, the central nervous systemarises frommultipotent neural
stem cells which originate in the neuroectoderm. The speciﬁcation of
distinct cell types is a multistep process that crucially depends on
positional cues conferred to neural stem cells early in the neuroectoderm
(reviewed in Dessaud et al., 2008; Skeath and Thor, 2003).
InDrosophila, the underlying geneticmechanisms have been studied
in detail in the clearly metamerically organized truncal neuroectoderm
from which the ventral nerve cord develops. Within each truncal
segment a ﬁxed number of neural stem cells, called neuroblasts,
delaminate from the outer neuroectoderm. Each neuroblast acquires a
unique identity, that is reﬂected by the combination of genes it
expresses and by the production of a speciﬁc cell lineage consisting of
neurons and/or glial cells (e.g. Bossing et al., 1996; Broadus et al., 1995;Doe, 1992; Schmidt et al., 1997). Positional cues that control neuroblast
identity are provided by the products of regulatory genes expressed in
spatially restricted but partly overlapping domains in the overlying
neuroectoderm (Skeath and Thor, 2003). Consequently, a unique
neuroblast fate is not dictated by a single regulatory gene but is the
result of the combinatorial activity of a number of genes that provide a
speciﬁc regulatory code for each neuroblast. As a prerequisite, the
expression of regulatory genes has to be precisely controlled in the
neuroectoderm along the anteroposterior (AP) and dorsoventral (DV)
axis tokeep themconﬁned to speciﬁc domains. Twogenenetworkshave
been identiﬁed that control patterning of the neuroectodermalong both
body axes. For the AP axis, the sequential action of the maternal
coordinate genes, gap genes and pair-rule genes deﬁnes four transverse
stripes of segment-polarity gene expression in each segment (reviewed
byAkam, 1987;Nasiadka et al., 2002). Simultaneously, along theDVaxis
the graded activity of the nuclear factor Dorsal, and the bone
morphogenetic protein (BMP/Dpp) and Epidermal growth factor
receptor (Egfr) signalling pathways determine the DV borders of the
neuroectoderm and control the regionalized expression of DV genes (or
“columnar genes”) (Cornell andOhlen, 2000;Honget al., 2008;Mizutani
et al., 2006; Skeath, 1998; von Ohlen and Doe, 2000). The activity of DV
genes subdivides the neuroectoderm into three parallel, longitudinal
columns: ventral nervous system defective (vnd) is expressed in the
ventral, intermediate neuroblasts defective (ind) in the intermediate, and
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neuroectodermal column (Buescher and Chia, 1997; Chu et al., 1998;
D'Alessio and Frasch, 1996; Isshiki et al., 1997; Jimenez et al., 1995;
Mellerick and Nirenberg, 1995; Weiss et al., 1998). These homeobox
genes interact in a hierarchical cascade of transcriptional repression,
which is necessary to establish and maintain the sharp boundaries
between their domains of expression. Accordingly, vnd represses ind
(and msh) in the ventral neuroectoderm, and ind represses msh in the
intermediate neuroectoderm (Cowden and Levine, 2003). DV genes
(exceptmsh) control the formation of neuroblasts, whereas both the DV
genes and segment-polarity genes encode key regulators for the
speciﬁcation of neuroblast fate (e.g. Bhat and Schedl, 1997; Buescher
et al., 2006; Chu et al., 1998; Chu-LaGraff and Doe, 1993; Deshpande et
al., 2001; Jimenez and Campos-Ortega, 1990; McDonald and Doe, 1997;
McDonald et al., 1998; Shao et al., 2002; Skeath et al., 1994, 1995). The
superimposition of their activities establishes a Cartesian coordinate
system of positional cues conferring speciﬁc identities to neuroecto-
dermal equivalence groups, of which each gives rise to a speciﬁc
neuroblast (reviewed by Skeath, 1999).
Compared to the ventral nerve cord, the genetic mechanisms
controlling pattern formation in the brain are less well understood.
The earliest step in the development of the Drosophila brain is the
formation of about 100 neuroblasts in each hemisphere, which
delaminate from the procephalic neuroectoderm. The procephalic
neuroectoderm and the arising population of brain neuroblasts can be
subdivided (from anterior to posterior) into the presumptive proto-,
deuto-, and tritocerebrum (Urbach et al., 2003). Based on a distinct
combination of genes expressed, each brain neuroblast acquires a
unique identity (Urbach and Technau, 2003b) suggesting that the
spatially restricted expression of regulatory genes in the overlying
procephalic neuroectoderm has to be precisely controlled. We have
previously shown that the expression of DV genes (vnd, ind, msh, and
Nkx6 [HGTX – FlyBase]) as well as of AP patterning genes (such as
cephalic gap genes or segment-polarity genes) exhibits segment-
speciﬁc differences in the procephalic neuroectoderm and in brain
neuroblasts (Seibert et al., 2009; Urbach and Technau, 2003a,b; Urbach
et al., 2006). Recently, we uncovered a novel regulatory genetic network
inwhich DV genes (vnd, ind,msh, andNkx6) and the AP patterning gene
empty spiracles (ems) interact in a segment-speciﬁc manner to properly
pattern the neuroectoderm and specify neuroblast identity at the DV
axis (Seibert et al., 2009).
In this work, we extend our knowledge on the DV regulatory
network in the Drosophila brain. We uncover novel genetic interac-
tions demonstrating that the precise boundaries between vnd, ind,
and msh expression domains are largely controlled through mutual
repression between these genetic factors. These ﬁndings corroborate
our previous view that (1), in contrast to the ventral nerve cord, cross-
repressive interaction between pairs of homeodomain proteins is
commonly used to establish and maintain discrete DV gene
expression domains in the ﬂy brain, and that (2) this bears similarity
to the repressive relationship between pairs of homeodomain
proteins that pattern the vertebrate neural tube along the DV axis.
In addition, we show that the segment-polarity gene engrailed (en)
controls the regionalized expression of vnd, ind, andmsh in a segment-
speciﬁc manner. Thus, En is an integral determinant of the DV
transcriptional network. Together with our recent ﬁnding that the
cephalic gap gene ems regulates expression of DV genes (Seibert et al.,
2009), this suggests that the DV and AP patterning systems closely
interact to control regionalization in the Drosophila brain.
Materials and methods
Drosophila genotypes and genetics
The following ﬂy strains were used: Oregon R (wild type), ind16.2
(Weiss et al., 1998), msh68 (Isshiki et al., 1997), vnd6 (Jimenez andCampos-Ortega, 1990), Nkx6D25 (Broihier et al., 2004), vnd6; msh68
(Seibert et al., 2009), en58 (Bloomington Stock Center), en59
(Bloomington Stock Center), Df(3L)XG3 (Bloomington Stock Center),
UAS-vnd (Chu et al., 1998), UAS-ind (von Ohlen et al., 2007a), UAS-
msh-m25-m6 (Isshiki et al., 1997), UAS-en (Yoffe et al., 1995). In the
deﬁciencyDf(3L)XG3, the chromosome region 70E3 to71D4 is deleted,
including the closely adjacent loci of the Nkx6 and ind genes; the
deletion does not include any other gene for which a role in DV
patterning is known and that might otherwise confound our observed
expression phenotype. In complementation tests, in which the
deﬁciency was crossed with either single mutant (ind16.2 and
Nkx6D25), we conﬁrmed that each is non-complementary. All loss-
of-function mutants have been blue balanced and distinguished from
heterozygotes via antibody staining against ß-galactosidase (ß-gal).
To ectopically express the UAS-constructs in the neuroectoderm, the
UAS–Gal4 systemwas used (Brand and Perrimon, 1993) and the UAS-
lines were crossed either with the sca-Gal4 (Klaes et al., 1994) or
Matα-Gal4-VP16 (Häcker and Perrimon, 1998) driver line.
Staging, ﬂat preparation and mounting of embryos
Staging of the embryos was carried out according to Campos-Ortega
and Hartenstein (1997). Flat preparations of the head and trunc
ectoderm of stained embryos and mounting were carried out as
described previously (Urbach et al., 2003).
Documentation of phenotypes
Embryos were viewed under a Zeiss Axioplan equipped with
Nomarski optics using 40× and 63× oil immersion objectives. Pictures
were digitized with a CCD camera (Contron progress 3012) and
processed with Adobe Photoshop CS2. Schematics were prepared
using Adobe Illustrator 10.
Antibodies and immunohistochemistry
Embryos were dechorionated, ﬁxed and immunostained according
to previously published protocols (Urbach et al., 2003). For the anti-
En/Inv, anti-ß-gal, and anti-Vnd antibodies, biotinyl tyramide (TSA
biotin system; PerkinElmer) was used to amplify the signal following
the manufacturer's protocol. The following primary antibodies were
used at the indicated dilutions: rabbit anti-ß-gal (1:2000; Promega),
rat anti-Ems (1:1000; Walldorf and Gehring, 1992), mouse anti-En/
Inv (1:7, 4D9; DSHB), rabbit anti-En (1:800; Santa Cruz Biotechnol-
ogy), rat anti-Nkx6 (1:100; Broihier et al., 2004), rabbit anti-Vnd
(1:1000; Shao et al., 2002), sheep anti-DIG alkaline phosphatase
conjugated (1:1000; Roche Diagnostics), sheep anti-FITC alkaline
phosphatase conjugated (1:1000; Roche Diagnostics). The 4D9 anti-
En/Inv antibody recognizes the homeodomain of both En and Inv
(Gustavson et al., 1996) and therefore stainings against 4D9 or anti-En
are referred to as En expression in the ﬁgures and text. The secondary
antibodies (donkey anti-mouse, donkey anti-rabbit, donkey anti-rat;
Dianova) were either biotinylated or alkaline phosphatase conjugated
and diluted 1:500.
Whole-mount in situ hybridization
ind, vnd, and msh RNA probes were synthesized with T7 RNA
polymerase using pBs SKII(+) linearized with XhoI (ind), SacI (vnd) or
HindIII (msh) as a template. All riboprobes were DIG- as well as FITC-
labeled. In situ hybridization (ISH) was performed as described
previously (Urbach et al., 2006) as well as double ISH combined with
antibody staining (Seibert et al., 2009). The probes were either
processed with NBT/BCIP solution (Roche Diagnostics; blue staining)
or vector red (Vector Laboratories; red staining) and DAB (Sigma;
334 J. Seibert, R. Urbach / Developmental Biology 346 (2010) 332–345brown staining) was used to visualize antibody staining. Detailed
staining protocols are available on request.
Results
Differences in the spatio-temporal dynamics of vnd, ind, and msh
expression in the neuroectoderm of ventral nerve cord and brain
Initiation of DV gene expression and the spatial arrangement of
their expression domains differ between the neuroectoderm of the
ventral nerve cord and brain, as well as among the three brain
neuromeres (trito-, deuto-, and protocerebrum). Since the expression
of DV genes is more dynamic in the early brain than in the ventral
nerve cord, we performed triple labelings against vnd, ind, andmsh in
order to precisely compare their spatial and temporal expression
patterns, as shown in Fig. 1. In the trunc neuroectoderm, expression of
vnd comes up ﬁrst (before stage 5), followed by ind and slightly later
msh expression, the timing of gene expression progressing from
ventral to dorsal (von Ohlen and Doe, 2000). By contrast, in the
neuroectoderm of the trito- and deutocerebrumwe observed that vnd
expression is closely succeeded by expression of dorsally adjacentmsh
(Figs. 1A–B′). Furthermore, ind expression is initiated afterwards in
the intermediate deutocerebrum, co-expressed with vnd (Figs. 1C,C′),
and starts even later in the intermediate tritocerebrum (early stage 9)
not before vnd has mostly disappeared (Figs. 1D,D′; Urbach and
Technau, 2003a). By stage 11, ind and vnd expression in the trito- and
deutocerebrum are mutually exclusive (Figs. 1E,E′). Similarly, ventral
vnd expression initiates before that of intermediate/dorsal ind in the
neuroectoderm of the protocerebrum, but opposite to the situation in
trito- and deutocerebrum, the vnd and ind domains do not abut and
msh is not expressed in this developmental period (Figs. 1C,C′)
(Seibert et al., 2009; Urbach and Technau, 2003a). These distinctions
in the temporal and spatial appearance of DV gene expression also
imply differences in their regulation and potential interaction
partners. Indeed, in previous studies we uncovered ﬁrst brain-speciﬁc
regulatory interactions of DV genes (Seibert et al., 2009; Urbach et al.,
2006). However, other potential interactions between vnd, ind, and
msh remained unclear in the early brain, and will be addressed in the
following.
Msh and Ind act as mutual repressors at the intermediate/dorsal border
of the trito- and deutocerebrum
In the ventral nerve cord, Ind is known to repress msh in the
intermediate neuroectoderm (and corresponding neuroblasts) and
accordingly, in indmutantsmsh expands into the mutated ind domain
(Weiss et al., 1998). Sincemsh and ind are also adjacently expressed in
the trito- and deutocerebrum (Figs. 1C–E′; Urbach and Technau,
2003a), we assayed if they interact in a similar way as in the trunc.
However, in contrast to the trunc neuroectoderm, we did not observe
a change in msh expression in either brain neuromere in ind null
mutants (ind16.2) (n=25 brain hemispheres; data not shown) which
seems to be accounted for by the presence of another two msh
repressors, namely Vnd (Urbach et al., 2006) and Nkx6 (Seibert et al.,
2009). Both factors are co-expressed with ind (vnd: in the interme-Fig. 1. Spatio-temporal dynamics of Vnd, ind, andmsh expression during early brain developm
(anterior is left) and of the ventral view of the same embryo as a ﬂat preparation (anterior i
dorsally. The orange box comprises the head ectoderm of the left hemisphere including the
marks the ventral midline (ML). (B–E′) ind and mshmRNA combined with Vnd protein expr
indicated by dashed lines in red and the neuromeric borders by dashed lines in blue. (B,B
adjacent neuroectoderm domains in the trito (TC)- and deutocerebrum (DC), whereas in th
brain neuromere. (C,C′) By late stage 6, ind becomes activated in the intermediate deutocere
(blue arrowhead, C). (D,D′) ind expression initiates in the intermediate tritocerebrum by ear
By stage 11, ind and Vnd are expressed complementary domains in the deutocerebrum, and in
and E′ mark the posterior border of each brain neuromere (tritocerebrum: is, en intercalar
foregut; MD, mandibular segment.diate deutocerebrum, Nkx6: in the intermediate trito- and deutocer-
ebrum) and are expressed in a complementary manner to the msh
domain as well (Figs. 1C–D′). Indeed, expression of vnd and Nkx6was
unaffected in ind mutants (n=32; data not shown) and they seems
sufﬁcient to keep msh expression dorsally. Thus, we compared the
alterations in msh expression in vnd (vnd6) and Nkx6 (Nkx6D25) null
mutants, as well as in the small deﬁciency Df(3L)XG3 (Seibert et al.,
2009), in which the closely adjacent loci of ind and Nkx6 are deleted. If
Ind is also involved in the repression of msh in trito- and
deutocerebrum, we would expect a stronger de-repression of msh in
the intermediate neuroectoderm, increasing from Nkx6 (lacking Nkx6
expression), to Df(3L)XG3 (lacking Nkx6 and ind expression), to vnd
mutant embryos (lacking vnd, Nkx6, and largely ind expression)
(Seibert et al., 2009; Uhler et al., 2002; Urbach et al., 2006). In Nkx6
mutants, we observed that msh is largely de-repressed in the
intermediate deutocerebrum and in the part of the intermediate
tritocerebrum, where endogenous ind expression has already largely
vanished (Figs. 2A–B′; see also Seibert et al., 2009). In compliance
with our hypothesis, we found ectopic msh expression expanded
further into the intermediate tritocerebrum in Df(3L)XG3 embryos
(Figs. 2C,C′). However, we did not observe a difference in the extent of
msh de-repression in the deutocerebrum between Nkx6 and Df(3L)
XG3 embryos (Figs. 2B–C′; Table 1). This is likely due to residual
activity of Vnd, and the fact that Nkx6 seems to be more potent in
repressing msh than Ind (see also discussion). In vnd mutants, where
aside from vnd and Nkx6 (Uhler et al., 2002; Seibert et al., 2009),
expression of ind is also largely missing (Urbach et al., 2006), msh
expression was expanded into the entire intermediate neuroecto-
derm of trito- and deutocerebrum already at stages 5/6 (Fig. S1). In a
reciprocal experiment, we ectopically expressed ind in the neuroec-
toderm using sca-Gal4 (which drives expression in the entire
neuroectoderm; in the following termed scaNind) and found msh
expression signiﬁcantly reduced in the dorsal trito- and deutocer-
ebrum (Figs. 2D,D′; Table 1), further supporting the conclusion that
Ind functions as repressor of msh. This prompted us to look if,
conversely, Msh might be able to suppress ind expression in the brain
neuroectoderm. In msh mutants (msh68), the ind expression domains
of trito- and deutocerebrum were expanded into the dorsal
neuroectoderm (Figs. 2E–F′). Accordingly, when msh was ectopically
expressed in the neuroectoderm (scaNmsh), the ind domain was
strongly reduced in the tritocerebrum (Figs. 2G–H′), completely
abolished in the deutocerebrum (Figs. 2H,H′), and less affected in the
protocerebrum (Figs. 2G–H′; Table 1), indicating that Msh strongly
represses ind in the dorsal trito- and deutocerebrum.
Altogether, these ﬁndings show that Msh and Ind act as mutual
repressors to stabilize the border between dorsal and intermediate
neuroectoderm in the trito- and deutocerebrum. Moreover, even
though Msh is not expressed in the early protocerebrum, it also has
the capability to repress ind in the protocerebrum.
Vnd positively regulates ind expression in the deutocerebrum by
repressing msh
In vnd mutant embryos ind expression is completely absent in the
deuto- and tritocerebrum (except in the posterior tritocerebrumwhereent. (A) Schematic drawing of the lateral view of a whole-mount embryo at late stage 5
s up), where head and trunc, separated by the cephalic furrow (CF), have been opened
procephalic neuroectoderm (pNE) from which the brain develops; dashed line in black
ession. B′, C′, D′, E′ represent schematic drawings of B, C, D, E. Distinct DV domains are
′) At late stage 5, dorsal (d) msh and intermediate/ventral (i/v) Vnd are expressed in
e protocerebrum (PC) only Vnd is detected and ind has not been activated yet in either
brum (black arrow), co-expressing Vnd, and in the intermediate/dorsal protocerebrum
ly stage 9, when Vnd has mostly disappeared from the respective neuroectoderm. (E,E′)
d is expressed in a small part of the dorsal tritocerebrum. The Engrailed (En) stripes in D′
y stripe; deutocerebrum: as, en antennal stripe; protocerebrum: hs, en head spot). FG,
335J. Seibert, R. Urbach / Developmental Biology 346 (2010) 332–345ind is speciﬁcally co-expressed with engrailed; Urbach et al., 2006; and
see below). As shown above, Msh is able to repress ind in the trito- and
deutocerebrum (Figs. 2H,H′), and we ﬁnd that in the absence of Vnd,
msh is de-repressed in the intermediate/ventral neuroectoderm already
at stages 5/6 (Fig. S1), before ind would become activated in bothneuromeres. Therefore, it seems possible that ectopic Msh inhibits ind
activation in the deutocerebrum andmost parts of the tritocerebrum in
vnd mutant embryos (Figs. 3A–B′). In a previous report we speculated
that Vnd positively regulates ind expression in the intermediate
deutocerebrum. However, sca-Gal4 driven misexpression of Vnd was
Fig. 2.Mutually repressive interaction between Ind and Msh in trito- and deutocerebrum. In the schematic drawings, ﬁlled areas indicate presence and empty areas encircled by a
dashed line absence of gene expression; hatched areas refer to ectopic gene expression. (A–D′) msh mRNA combined with En protein expression. A′, B′, C′, D′ are schematic
representations of A, B, C, D. (A, A′) Wild type. (B, B′) msh expression expands entirely into the intermediate deutocerebrum (iDC) and partly into the intermediate tritocerebrum
(iTC) in Nkx6mutant embryos (not before st11, when endogenous ind expression is mostly down-regulated). (C,C′) In the absence of both Nkx6 and ind in the deﬁciency Df(3L)XG3,
msh is de-repressed in the complete intermediate trito- and deutocerebrum. (D, D′) sca-Gal4-driven misexpression of ind leads to a severe reduction of msh in the dorsal trito- and
deutocerebrum. (E–H′) indmRNA combined with En protein expression. E′, F′, G′, H′ are schematic representations of E, F, G, H. (E, E′) Wild type. (F, F′) ind expression expands into
the dorsal trito- and deutocerebrum in msh mutants. (G,G′) Wild type. (H,H′) Ectopic msh (driven by sca-Gal4) strongly suppresses ind expression in trito-, deuto-, and
protocerebrum; note that by early stage 11 ind is most intensely expressed in the tritocerebrum. Orientation, symbols and other abbreviations are as in Fig. 1.
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deutocerebrum, even though Msh was repressed there (Urbach et al.,
2006). Since sca-Gal4 might drive Vnd expression too late (not before
stages 8/9), we repeated this experiment using thematernal driver line
Matα-Gal4-VP16 (Bossing et al., 2002). Indeed, in MatαNvnd embryos
we observed an expansion of ind expression into the dorsal neuroecto-
derm(Figs. 3C–D′; Table 1), indicating that Vnd is required for activating
ind in the deutocerebrum. To clarify if Vnd directly activates ind
expression or indirectly regulates ind by suppressing the ind-repressor
Msh in the deutocerebrum, we examined ind expression in vnd6; msh68
double mutants. Under these conditions, we found that ind was still
activated in its endogenous domain (excluding that Vnd is a direct
activator), and in addition was de-repressed in the dorsal deutocer-
ebrum (due to the absence of the repressor Msh) (Figs. 3E,E′; Table 1).
These ﬁndings indicate that Vnd facilitates the expression of ind in the
deutocerebrumby keeping the ind-repressorMsh conﬁned to the dorsal
neuroectoderm.
For the tritocerebrumwe already suggested that, in contrast to the
deutocerebrum, Vnd acts as a repressor of ind (Urbach et al., 2006),
which is further substantiated by our observation, that upon ectopic
Vnd expression (MatαNvnd) ind expression is severely reduced in the
intermediate tritocerebrum ( Figs. 3D,D′; Table 1). However, in vndmutants de-repression of ind is only observed in the ventral part of the
tritocerebral engrailed stripe (Figs. 3A–B′; see also Urbach et al., 2006),
and is preceded by the disappearance of msh expression (Fig. S2).
From this we concluded that, in vndmutants, ind is not able to expand
into the remaining ventral tritocerebrum due to the presence of the
ind-repressor Msh. In accordance with that, ind expression was
expanded into the ventral neuroectoderm in vnd6;msh68 double
mutants (where, aside from ind-repressor Vnd, Msh is also missing
in the ventral neuroectoderm) (Figs. 3E,E′; Table 1).
Taken together, our results indicate that Vnd affects ind expression
differently in trito- and deutocerebrum: whereas in the tritocerebrum
Vnd functions as a repressor of ind, like it does in the ventral nerve
cord (Urbach et al., 2006; Weiss et al., 1998), in the deutocerebrum it
ensures ind expression by keeping the repressor Msh conﬁned to the
dorsal neuroectoderm.
Msh and Ind are competent to repress vnd in the developing brain
In the early brain (by stage 5), in contrast to the trunc, the
expression domains of vnd and msh directly abut at the border
between intermediate and dorsal neuroectoderm in the presumptive
trito- and deutocerebrum (Figs. 1B,B′), raising the possibility that
Table 1
Expression of msh, ind, and vnd in different brain neuromeres in various DV gene loss-
of-function and gain-of-function genotypes.
Expression
analysed
Genotype Effect % Expressivity
(n)
msh Nkx6D25 De-repressed in
intermediate NE
TC + 70 (20)
DC ++ 95 (20)
Df(3 L)XG3 De-repressed in
intermediate NE
TC ++ 100 (12)
DC ++ 100 (12)
vnd6 De-repressed in
intermediate NE
TC +++ 100 (20)
DC +++ 100 (20)
scaNind Repressed in
dorsal NE
TC ++/+++ 87/13 (30)
DC ++/+++ 87/13 (30)
ind msh68 De-repressed in
dorsal NE
TC ++ 100 (54)
DC ++ 100 (54)
scaNmsh Repressed in
intermediate NE
TC ++/+++ 10/90 (80)
DC +++ 100 (80)
PC +/++ 17/23 (80)
vnd6 De-repressed in
ventral NE
TC + 100 (20)
DC − 100 (20)
MatαNvnd De-repressed in
dorsal NE
TC − 100 (20)
DC ++ 100 (20)
Repressed in
intermediate NE
TC ++/+++ 55/45 (20)
DC − 100 (20)
vnd6; msh68 De-repressed in
dorsal NE
TC ++ 100 (20)
DC ++ 100 (20)
De-repressed in
ventral NE
TC ++ 100 (20)
DC + 100 (20)
vnd scaNmsh Repressed in
ventral NE
TC ++/+++ 32/68 (28)
DC +++ 100 (28)
PC ++ 100 (28)
ind16.2 De-repressed in
intermediate NB
TC − 100 (24)
DC in Dd1 100 (24)
scaNind Repressed in
ventral NE
TC ++/+++ 65/12 (26)
DC ++/+++ 11/89 (26)
PC ++ 92 (26)
Expressivity (in percentages) refers to the proportion of brain neuromeres (TC,
tritocerebrum; DC, deutocerebrum; PC, protocerebrum) that exhibit a phenotype (+
weak, ++ strong, +++ complete, − no) of gene expression under the indicated
conditions. In parentheses (n) is indicated the number of brain neuromeres scored. NE,
neuroectoderm.
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msh in the intermediate/ventral neuroectoderm and thus prevents
these cells (and corresponding neuroblasts) from adopting a dorsal
fate (Seibert et al., 2009; Urbach et al., 2006). To answer the question
if, conversely, Msh is potent to keep vnd expression out of the dorsal
neuroectoderm, we examined vnd expression under msh loss- and
gain-of-function conditions. We did not observe an expansion of vnd
into the dorsal neuroectoderm domain of trito- and deutocerebrum in
msh68 (n=23; data not shown). However, ectopic expression of msh
(scaNmsh) led to a strong reduction of vnd signal in the neuroecto-
derm of trito-, deuto-, and protocerebrum (Figs. 4A–B′; Table 1),
indicating that Msh is competent to repress vnd in all three parts of
the brain. Thus, even though Msh is capable of repressing vnd, it does
not seem involved in regulating the dorsal border of the vnd
expression domain.
In the tritocerebrum, the expression domains of ind (intermediate)
and vnd (ventral) are also adjacent (Figs. 1D–E′; Urbach and Technau,
2003a), whereas both genes are transiently co-expressed in the
neuroectoderm of the intermediate deutocerebrum (but not in the
descending intermediate neuroblast Dd1) (Figs. 1C–D′; Urbach and
Technau, 2003a). To investigate a possible inﬂuence of Ind on vnd
expression, we ﬁrst assayed vnd expression in ind16.2. Whereas vnd
expression was unchanged in the neuroectoderm of trito- and
deutocerebrum (n=24; data not shown), it was always detected
ectopically in the intermediate neuroblast Dd1 in the deutocerebrum
(Figs. 4C,D). Next, we tested if ind, when misexpressed in the ventral
neuroectoderm (scaNind), would be able to interfere with vnd
expression. We observed vnd expression to be reduced (but not before
stage 9) in the neuroectoderm of the trito- and protocerebrum, and inmost cases missing in the deutocerebrum (Figs. 4E,E′; Table 1). Thus,
although Ind is capable of repressingvnd in all three brainneuromeres, it
effectively does so only in case of the neuroblast Dd1. However, ind
function does not seem necessary to keep vnd from expanding into the
intermediate neuroectoderm, as has been reported in the neuroecto-
derm of the ventral nerve cord (Zhao et al., 2007b).
En represses msh in the posterior trito- and deutocerebrum
We observed thatmsh expression vanishes speciﬁcally from the en
expressing stripes in the tritocerebrum (by stage 9/10) and deutocer-
ebrum (by stage 10/11), so that the early msh domain (which
encompasses the dorsal neuroectodermof themandibular neuromere,
trito-, and deutocerebrum as a continuous domain; Figs. 1D,D′)
becomes separated into three smaller domains (Figs. 1E,E′). In order
to see if en is involved in negatively regulating msh, we investigated
msh expression in two independent mutant en alleles (en58: loss-of-
function [Andrew et al., 1997; Dittrich et al., 1997], en59: frame shift,
strong en allele [Cadigan et al., 1994; Gustavson et al., 1996]). Since
both en alleles disclosed similar phenotypes (regardingmsh, as well as
ind and vnd expression,whichwill be shown in the following), we only
present the results obtained in en58. In these mutant embryos, we
found that msh is de-repressed in the posterio-dorsal neuroectoderm
of the trito- and deutocerebrum, so that the mandibular, trito-, and
deutocerebral domains of msh expression remained connected
(Figs. 5A–B′, Table 2), suggesting a role for En in down-regulating
msh expression. In support of these results, we observed msh
expression to be signiﬁcantly reduced in trito- and deutocerebrum
(with more severe effects in the deutocerebrum) when en was
ubiquitously expressed using Matα-Gal4 (MatαNen) (Figs. 5C,C′;
Table 2). Taken together, our ﬁndings show that En is necessary and
sufﬁcient to repress msh in the posterior compartments of trito- and
deutocerebrum.
En represses ind in the posterior deutocerebrum but is required to
activate ind in the dorso-posterior tritocerebrum
en and ind are expressed in mutually exclusive domains in the
deutocerebrum, but are co-expressed by stages 10/11 in the posterior
tritocerebrum (Figs. 6A,A′). To determine whether En regulates ind
expression, we analysed ind expression in en58. In the absence of en,
ind was expanded into the mutated en stripe in the deutocerebrum,
resulting in one longitudinal stripe of ind expression in which the
trito- and deutocerebral ind domains were connected (Figs. 6B,B′;
Table 2). This indicates that En negatively regulates ind expression in
the posterior deutocerebrum. In accordance with this, we observed
that ectopic expression of en (scαNen) in the neuroectoderm of the
intermediate deutocerebrum severely reduced ind expression
(Figs. 6C,C′; Table 2).
In contrast, in the en mutant tritocerebrum, the posterior part of
the ind domain was reduced (Figs. 6B,B′); speciﬁcally, about 4–6 cells
in the dorsal part of the mutated en stripe lacked ind expression, and
instead exhibited de-repression of msh. In scaNen embryos, the ind
domain seemed unaffected (Figs. 6C,C′; Table 2). Taking into account
our present ﬁndings that En is a repressor ofmsh, and Msh a repressor
of ind, these data indicate that En indirectly activates ind through the
down-regulation of msh expression.
In summary, we propose that En acts on ind expression in a
segment-speciﬁc manner: it positively regulates ind expression in the
dorso-posterior tritocerebrum but represses ind in the posterior
deutocerebrum.
En maintains Vnd expression in the posterior deutocerebrum
Vnd is dynamically expressed in the early brain and becomes
progressively conﬁned to three ventral domains in the posterior trito-,
Fig. 3. Vnd differently regulates ind expression in trito- and deutocerebrum. (A–E′) indmRNA combined with En protein expression. A′,B′,C′,D′,E′ show schematics of A, B, C, D, E. (A,
A′) wild type. (B,B′) In vnd mutants, ind expression is repressed (by ectopically expanded msh in the intermediate trito- and deutocerebrum, see B′), except in the posterior
tritocerebrum where ind is co-expressed with En. Note that ectopic ind expression is detected in the ventral part of the tritocerebral en stripe (en is). (C,C′) Wild type. (D,D′) Ectopic
vnd (driven by Matα-Gal4) leads to an expansion of ind into the dorsal deutocerebrum (dDC) but abolishes ind expression in the intermediate tritocerebrum (iTC); dorsal msh
expression is repressed in trito- and deutocerebrum (D′). (E,E′) In vnd; msh double mutants, ind is activated normally and additionally de-repressed in the ventral tritocerebrum
(vTC), and dorsal tritocerebrum (dTC), and deutocerebrum (dDC). For orientation, symbols and other abbreviations see Figs. 1 and 2.
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Expression of En and Vnd discloses an overlap in the posterior trito-
and deutocerebrum (Figs. 1D,D′, 7A,A′), raising the possibility of
interaction between these two factors. We ﬁrst assayed Vnd expression
in en mutants, which we found to be unaltered in the tritocerebrum
(Figs. 7B,B′), but strongly reduced or entirely absent in the deutocer-
ebrum by stage 11 (where, in wild type, the remaining Vnd domain
completely overlaps with En expression by that stage) (Figs. 7B,B′;
Table 2). Conversely, upon misexpression of en (MatαNen) the initial
Vnddomaindid not separate into the three subdomains in trito-, deuto-,
and protocerebrum. Instead, we observed one large Vnd domain
spanning from tritocerebrum to protocerebrum (until stage 11),
owing to Vnd expression being largely maintained in those areas
where it usually becomes down-regulated (Figs. 7C,C′). Altogether, this
indicates that En is required for maintenance of Vnd expression in the
posterior compartment of the deutocerebrum, but seems dispensable
for Vnd expression in the posterior tritocerebrum, although En is able toprolong Vnd expression in the tritocerebrum when ectopically
expressed (Figs. 7C,C′; Table 2).
Since we could show that Ind is able to repress vnd expression in
the posterior deutocerebrum (Figs. 4E, E′) and that En suppresses ind
expression (Figs. 6B,B′), we propose that En is essential to repress ind
in order for vnd to be maintained.
En maintains ind and negatively regulates msh in the intermediate
neuroectoderm of the ventral nerve cord
To investigate if En is involved in the regulation of ind,msh, or vnd
expression also in the trunc neuroectoderm we examined the
expression of those genes in en loss- and gain-of-function embryos.
ind, early expressed in the intermediate neuroectoderm of the trunc,
becomes subsequently conﬁned to a posterior domain in each
hemisegment by stages 10/11, overlapping with En (Figs. 8A,B). In
the absence of en, ind expression was abolished almost entirely from
Fig. 4. Ind and Msh can function as repressors of vnd. (A–E′) vndmRNA combined with En protein expression. A′, B′, E′ are schematic representations of A, B, E. (A, A′)Wild type; vnd
expression is detected in the ventral tritocerebrum (vTC) and protocerebrum (vPC), and in the ventral deutocerebrum (vDC) reduced to the ventral part of the en antennal stripe (as,
brown arrow in A). (B,B′) sca-Gal4-drivenmshmisexpression reduces vnd expression completely in trito- and deutocerebrum, and almost entirely in the protocerebrum. (C) In wild
type, the deutocerebral neuroblasts Dd5 and Dv8 express vnd (dashed brown circles), and the neuroblast Dd1 expresses ind (dashed blue circle). (D) The intermediate neuroblast
Dd1 expresses ectopic vnd (dashed brown circle) in indmutant embryos. (E, E′) sca-Gal4-driven indmisexpression reduces vnd expression largely in trito- and protocerebrum, and in
most cases completely in the deutocerebrum. Orientation, symbols and other abbreviations as in Figs. 1 and 2. For nomenclature of neuroblasts, see Urbach et al. (2003).
339J. Seibert, R. Urbach / Developmental Biology 346 (2010) 332–345the neuroectoderm by those stages (Fig. 8C; Table 2) and maintained
only in the corresponding neuroblasts (NB 6-2, 7-2) which inwildtype
continue to express en (data not shown). By contrast, over-expression
of en in the neuroectoderm (scaNen) prolonged the period of ind
expression signiﬁcantly (Fig. 8D). Thus, our data from both experi-mental conditions indicate that En is required to maintain ind
expression in the intermediate neuroectoderm (but not in interme-
diate neuroblasts).
We observed that msh expression, initially conﬁned to the dorsal
neuroectoderm, expands into the intermediate neuroectoderm by
Fig. 5. En repressesmsh expression in trito- and deutocerebrum. (A,A′)msh/En expression in wild type. (B, B′) In the absence of En,msh is de-repressed in the posterior parts of trito-
and deutocerebrum. (C, C′) Ectopic expression of en (driven byMatα-Gal4) leads to a strong reduction of msh expression in trito- and deutocerebrum (and mandibular neuromere
(MD), arrow in C). A′, B′, C′ are schematic representations of A, B, C. For orientation, symbols and other abbreviations see Figs. 1 and 2.
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in the dorsal neuroectoderm, both genes are expressed in mutually
exclusive domains in the intermediate neuroectoderm (Fig. 8E). In theTable 2
Segment-speciﬁc regulation of msh, ind, and vnd expression in the neuroectoderm of
the brain and ventral nerve cord in en loss-of-function and gain-of-function embryos.
Expression
analysed
Genotype Effect % Expressivity
(n)
msh en58 De-repressed in
posterio-intermediate VNC
+++ 84 (64)
De-repressed in
posterio-dorsal TC
++ 61 (28)
De-repressed in
posterio-dorsal DC
++ 82 (28)
scaNen Repressed in
intermediate VNC
+++ 91(80)
MatαNen Repressed in
anterio-dorsal TC
+/++ 77/23 (44)
Repressed in
anterio-dorsal DC
+/++ 55/45 (44)
ind en58 Repressed in
posterio-intermediate VNC
++/+++ 21/79 (56)
Repressed in
posterio-intermediate TC
+ 95 (56)
De-repressed in
posterio-intermediate DC
+++ 68 (56)
scaNen Maintained in
intermediate VNC
+++ 100 (64)
TC − 100 (21)
Repressed in
anterio-intermediate DC
++/+++ 19/81 (21)
vnd en58 VNC − 100 (74)
TC − 100 (64)
Repressed in
posterio-ventral DC
++/+++ 34/60 (64)
scaNen VNC − 100 (56)
MatαNen Maintained in
anterio-ventral TC
++ 61 (18)
Maintained in
anterio-ventral DC
++ 61 (18)
Expressivity (in percentages) refers to the proportion of neuromeres in the brain (TC,
tritocerebrum; DC, deutocerebrum; PC, protocerebrum) and ventral nerve cord (VNC)
that exhibit a phenotype (+ weak, ++ strong, +++ complete, − no) of gene
expression under the indicated conditions. In parentheses (n) is indicated the number
of neuromeres scored.absence of en, we foundmsh expression expanded into the intermediate
neuroectoderm of themutated en domain, while no effect was detected
in thedorsal neuroectoderm (Fig. 8F). Conversely, in scaNen embryoswe
foundmsh expression abolished from the intermediate neuroectoderm,
but again no effect in the dorsal neuroectoderm (Fig. 8G; Table 2). We
also investigated a possible involvement of En in regulating vnd
expression, but found vnd unaffected in enmutants as well as in scaNen
embryos (Table 2, and data not shown). This indicates that En is
dispensable for vnd expression in the trunc neuroectoderm, which is in
contrast to our ﬁndings in the deutocerebrum.
From these results we conclude, that in the ventral nerve cord En
maintains expression of ind and negatively regulates expression of
msh in the posterior part of the intermediate neuroectoderm;
however, we cannot exclude the possibility that, instead of En, Ind
alone or Ind in concert with En, inhibits msh expression.
Discussion
Early patterning events in the neuroectoderm of the central
nervous system are essential for the correct formation and speciﬁca-
tion of neural stem cells, or neuroblasts. Therefore, it is of great
importance to understand how different regulatory genes interact to
pattern the neuroectoderm. In this work we provide new insights into
the DV gene regulatory network in the early brain and ventral nerve
cord (summarized in Fig. 9 and Table 1). Also, we show that the AP
patterning gene engrailed crucially controls the regionalized expres-
sion of the DV genes msh, ind, and vnd (summarized in Fig. 9 and
Table 2).
Spatio-temporal differences in DV gene expression result in segment-
speciﬁc interactions between vnd, ind, and msh in the neuroectoderm of
brain and ventral nerve cord
The spatial and temporal order in which the DV genes (vnd, ind,
and msh) are activated in neuromeres of the brain differs from their
appearance in the trunc neuroectoderm, and those differences seem
to be basic for the segment-speciﬁc regulation of vnd, ind, and msh
expression. In the early trito- and deutocerebrum, Vnd is expressed
not only in the ventral but also in the intermediate neuroecto-
derm, where cross-repression between Vnd and dorsally expressed
Fig. 6. En differently regulates ind expression in trito- and deutocerebrum. (A–C) indmRNA (B,C), combinedwith En protein expression (A). A′, B′, C′ are schematic representations of
A, B, C. (A, A′) Wild type. (B, B′) In en mutants, ind expression expands into the posterior deutocerebrum (arrow) but is partially reduced in the posterior tritocerebrum (encircled
with blue dashed line). (C, C′) sca-Gal4-driven misexpression of en completely abolishes ind expression in the deutocerebrum but has no effect on ind expression in the
tritocerebrum. For orientation, symbols and other abbreviations see Figs. 1 and 2.
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neuroectoderm. Since we ﬁnd that Msh is in addition an ind repressor,
the repression of msh via Vnd is a prerequisite for ind to become
activated in the intermediate tritocerebrum (anterior) and deutocer-
ebrum. In the trunc, ind expression in the intermediate neuroecto-
derm starts before that of msh in the dorsal neuroectoderm (von
Ohlen and Doe, 2000), and msh and vnd domains do not abut;
accordingly, repressive interaction between Msh and Vnd is not
required.
In the tritocerebrum, Vnd not only acts as repressor ofmsh but also
of ind, in contrast to the deutocerebrum. When the level of Vnd
protein in the intermediate tritocerebrum declines with time (down-
regulated through the activity of Ems; see Seibert et al., 2009), ind
becomes subsequently activated. In the trito- and deutocerebrum,Fig. 7. En maintains vnd expression in the deutocerebrum. A′, B′, C′ are schematic represen
posterior deutocerebrum is absent in enmutants, whereas the tritocerebral Vnd expression is
is not down-regulated but largely maintained in trito- and deutocerebrum, leading to on
orientation, symbols and other abbreviations see Figs. 1 and 2.instead of Vnd, increasing levels of Ind together with the recently
uncovered msh-repressor Nkx6 (Seibert et al., 2009) still keep msh
expression limited to the dorsal neuroectoderm. Since we ﬁnd that
Nkx6 expression starts earlier and persists longer than that of ind in
both brain neuromeres (Seibert et al., 2009), and additionally, that
msh is expanded into the intermediate neuroectoderm inNkx6 but not
in indmutants, we propose that Nkx6 represses mshmore efﬁciently.
The most striking difference in DV gene regulation leads to the
question how vnd and ind can be co-expressed in the anterior
deutocerebrum (during stages 6–9), if Vnd is a repressor of ind
(McDonald et al., 1998; von Ohlen and Doe, 2000; Weiss et al., 1998)
and, vice versa, Ind is also capable of preventing vnd expression in the
neuroectoderm (Zhao et al., 2007b). It has been reported recently that
the repressor activity of Ind on vnd seems to be stage-speciﬁc, nottations of A, B, C. (A, A′) Vnd/En expression in wild type. (B,B′) Vnd expression in the
unaffected. (C, C′) Upon ectopic expression of en (driven byMatα-Gal4) Vnd expression
e large Vnd expression domain spanning from tritocerebrum to protocerebrum. For
Fig. 8. En is involved in the regulation of ind and msh expression in the ventral nerve cord. Flat preparations of thoracic segment one (T1) to abdominal segment one (A1) are
displayed; anterior is left, the ventral midline is marked by a black dashed line. Filled arrowheads indicate presence, empty arrowheads the absence of the respective gene
expression. (A) Alternate ind/msh expression in the intermediate (i) column neuroectoderm in wild type. (B) Wild type; ind expression is conﬁned to the En expressing stripes. (C)
In en mutants, ind is only expressed in neuroblasts (data not shown) but not maintained in the corresponding neuroectoderm. (D) Upon sca-Gal4-driven misexpression of en, ind
expression is maintained between the En stripes. (E) By stage 11,msh is also expressed in the intermediate column neuroectoderm between the En stripes in wt. (F) In enmutants,
msh is de-repressed in the intermediate neuroectoderm of the mutated En stripes. (G) In scaNen embryos,msh expression is largely missing from the intermediate neuroectoderm. v,
ventral; i, intermediate; d, dorsal; T1–T3, thoracic segment 1–3; A1, abdominal segment 1.
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2007b). By contrast, Vnd repression of ind seems independent of the
developmental period. In this context, it is interesting that activity of
Vnd can be modiﬁed by EGFR signalling, which is supposed to affect
the selective interaction of Vnd with co-factors necessary to mediaterepression or activation of target genes (Zhang et al., 2008; Zhao and
Skeath, 2002; Zhao et al., 2007a). Availability of co-factors might also
account for the speciﬁc situation of vnd and ind co-expression in the
anterior deutocerebrum that we observe speciﬁcally during early
stages of development.
Fig. 9. A model of the genetic interactions between DV and AP genes in the neuroectoderm of the early brain and ventral nerve cord. Schematic representations of the genetic
interactions between DV (vnd, ind,msh, and Nkx6) and AP genes (ems and en), which differ between brain and ventral nerve cord as well as among trito- and deutocerebrum. Black
symbols imply known genetic interactions, blue symbols represent new interactions uncovered in this work, and red symbols stand for differences in genetic interactions between
trito- and deutocerebrum. A continuous line together with a bar indicates repression, a dotted line together with an arrowheadmarks maintenance, and a dashed line combined with
an arrowhead represents positive regulation of gene expression. In the NE of the VNC a dashed line in combination with a bar indicates negative regulation between En and msh,
since there we cannot distinguish between the repression of msh by En itself or an indirect repression of msh through the En-mediated maintenance of the msh-repressor Ind. v,
ventral; i, intermediate; d, dorsal; enp, en regulates gene expression in the posterior part of the segment. For other abbreviations see Fig. 1.
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Involvement of en, which can act as transcriptional repressor as
well as activator (Alexandre and Vincent, 2003), has been implicated
in diverse developmental processes in Drosophila such as compart-
mentalization in the early embryo (reviewed in Vincent, 1998),
modulation of Hox gene expression (Gebelein and Mann, 2007), or
regulation of molecules that directly govern axon growth (e.g.
frazzled; Joly et al., 2007). Here, we demonstrate a novel function
for En in the early embryo that is to control the spatially restricted
expression of the DV genes in the neuromeres of the posterior brain
(trito- and deutocerebrum) and ventral nerve cord. In the posterior
compartment of the deutocerebrum, En represses expression of msh
and ind, but maintains expression of vnd. Since we ﬁnd that Ind
(later) becomes a vnd repressor, this indicates that En maintains
expression of vnd by repressing ind. In the posterior compartment of
the tritocerebrum, En is also required for down-regulation of Msh,
but opposite to the deutocerebrum, En is necessary for activation of
ind (i.e. in 4–6 cells in the dorsal part of the en is). As we show that
Msh is an ind repressor, its repression by En seems to allow for
activation of ind; yet, we cannot exclude that En in addition directly
activates ind expression. Similar to the situation in the tritocerebrum,
En seems to negatively regulate expression of msh and to positively
regulate expression of ind (as a maintenance factor) in the
neuroectoderm of the ventral nerve cord. Together, our data suggest
that the AP patterning gene engrailed is crucially involved in ﬁne-
tuning the regionalized expression of distinct DV genes in the
posterior compartment of neuromeres in the brain and ventral nerve
cord. En may act as a positive or negative transcriptional regulator
depending on the gene that is regulated and on the segmental
context. For DV genes it is known that they control formation and
speciﬁcation of brain neuroblasts (Urbach et al., 2006). Since all the
genetic interactions between En and DV genes take place during the
period when neuroblasts develop, it is likely that En, via regulation of
DV genes, controls formation and fate speciﬁcation of neuroblasts in
the brain.
Mutual repression between DV patterning factors is essential for
establishing the boundaries of DV expression domains in the brain
neuroectoderm
We observe that cross-repressive interaction between pairs of DV
gene factors in the brain (i.e. in trito- and deutocerebrum) is essential
for the establishment and maintenance of discrete DV gene
expression domains (Fig. 9). Early, cross-repression between Ems/
Vnd pre-patterns the ventral and intermediate neuroectoderm in both
neuromeres (Seibert et al., 2009). Mutual repression between Msh/
Nkx6 (Seibert et al., 2009) and Msh/Ind (this study) maintains thedorsal/intermediate neuroectodermal border in trito- and deutocer-
ebrum, and between Ind/Vnd (this study) the intermediate/ventral
border in the tritocerebrum. All these genetic interactions, and our
observation that Msh and Vnd act as mutual repressors, are not in
compliance with the concept of ventral dominance (as proposed in
the neuroectoderm of the ventral nerve cord where the more ventral
gene represses the gene expressedmore dorsally; Cowden and Levine,
2003; McDonald et al., 1998; Weiss et al., 1998; reviewed in Cornell
and Ohlen, 2000) but rather support themodel that in the brain cross-
repression between DV factors is crucial for stabilizing these borders.
However, despite the ability of Msh and Ind to repress vnd, neither
factor seems tobe sufﬁcient todeﬁne thedorsal borderof vndexpression
in trito- and deutocerebrum, as has been shown for Ind in the ventral
nerve cord (from stage 9 onwards; Zhao et al., 2007b). Instead of
reinforcing this border through repressive interaction, vnd expression in
thebrain could alsobe limitedby a (too) lowconcentrationor absence of
an activator, likeDorsal (as has been speculated for the trunc; vonOhlen
and Doe, 2000), or be regulated by BMP signalling in a dosage-
dependent fashion (Mizutani et al., 2006). Neuromere-speciﬁc differ-
ences are also observed regarding limitation of ind and msh expression
domains along the DV axis. Vnd establishes the ventral border of ind
expression in the trunc (Weiss et al., 1998) and tritocerebrum (this
study; Urbach et al., 2006), but not in the deutocerebrum (this study) or
protocerebrum (where the expression domains of ind and vnd do not
abut). We ﬁnd that ind expression is limited dorsally by repression
through Msh in the trito- and deutocerebrum, but not in the
protocerebrum (where msh is not expressed before stage 11; Urbach
and Technau, 2003a) or trunc (Cowden and Levine, 2003), although we
have evidence that Msh might act in rendering the dorsal border of ind
expression more precisely in the ventral nerve cord (J.S. unpublished
observation). Taking into account that ind expression does not expand
into the complete dorsal neuroectoderm of trito- and deutocerebrum in
msh mutants, this may also indicate an involvement of the nuclear
Dorsal gradient, possibly in concert with graded activity of EGFR (aswas
shown for the trunc neuroectoderm; von Ohlen and Doe, 2000), or BMP
(which can repress ind in the trunc neuroectoderm; Mizutani et al.,
2006), in establishing a rough dorsal border of ind expression that is
further deﬁned and stabilized via repression by Msh. Whereas Vnd is
initially responsible for keeping msh expression conﬁned to the dorsal
neuroectoderm in trito- and deutocerebrum (Urbach et al., 2006), it is
only indirectly involved in deﬁning the ventral border ofmsh expression
in the trunc neuroectoderm (von Ohlen and Doe, 2000). We show, that
later in development Ind helps to maintain repression of msh in trito-
and deutocerebrum (together with Nkx6; Seibert et al., 2009), which is
in contrast to the truncwhere Ind directly establishes theventral limit of
msh expression from the beginning (Weiss et al., 1998).
Recently, we described for the ﬁrst time that DV neuroectodermal
and corresponding stem cell domains in the Drosophila brain become
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speculated that such genetic interactions are more common in the ﬂy
brain (Seibert et al., 2009). Here, we present further examples
supporting our hypothesis. Notably, this is a feature that bears
similarity to DV patterning in the neural tube of vertebrates where
cross-repressive interactions of homeodomain proteins are common
and indeed crucial for the establishment of discrete DV progenitor
domains (e.g. Mannervik et al., 1999; Muhr et al., 2001; reviewed in
Dessaud et al., 2008).
Gene regulatory network for DV patterning of the brain basically
comprises transcriptional repressors
All interactions between DV genes in the brainwe could identify so
far are based on the interplay of transcriptional repressors (Fig. 9).
Likewise, here we show that Vnd does not act as a direct activator to
positively regulate ind, but according to a double-negative mecha-
nism, it suppresses the ind-repressor Msh. We showed previously,
that interactions of the AP patterning gene ems with the DV genes
(vnd, ind,msh, and Nkx6) are indispensable for proper development of
the trito- and deutocerebrum (Seibert et al., 2009). Here, we
demonstrate that the segmentation gene en is signiﬁcantly involved
in regionalization of DV gene expression domains, thus representing a
further example of an AP patterning gene integrating into the DV gene
regulatory network that patterns the brain (Fig. 9). As shown above,
En acts differently on the respective DV genes, but we have no
evidence that, vice versa, DV genes control en, as has been observed
for expression of ems (Seibert et al., 2009). DV genes, as well as En and
Ems, all contain an Eh1 repressor domain and are able to interact with
the co-repressor Groucho (Gro) (Smith and Jaynes, 1996; Syu et al.,
2009; Uhler et al., 2007; von Ohlen et al., 2007a; Yu et al., 2005), and
thus are capable of mediating repression on target genes (including
each other). But how could it be possible that all DV genes interact
with the same co-factor to stabilize expression domains by conferring
repression onto genes expressed in neighboring domains? In the ﬁrst
place, as shown, the DV genes display spatio-temporal differences in
their respective expression. In addition, conformational changes of
the protein seem to be necessary to enable binding of Gro which has
been at least shown for Nkx6 (Syu et al., 2009). Zhang et al. observed
that Vnd can be phosphorylated by activated MAPK and is present in
different isoforms in the developing embryo (Zhang et al., 2008),
which most likely leads to a change in its binding partners. Another
critical point could be inactivation of the co-repressor, in case of Gro
also through phosphorylation by activated MAPK (Cinnamon et al.,
2008), or modiﬁcation of target genes so that binding of the repressor
complex is impaired. Still, that the DV genes are able to interact with
Groucho, does not exclude that their repressor activity is Gro-
independent, since also other repressor domains have been reported
for these genes, as well as activator domains, at least for Vnd, Ind, and
Nkx6 (Syu et al., 2009; von Ohlen et al., 2007a,b; von Ohlen and
Moses, 2009; Yu et al., 2005). Whether the DV gene products function
as repressors or activators seems to depend on co-factor availability as
well as on the respective target gene (Syu et al., 2009; von Ohlen and
Moses, 2009; Yu et al., 2005), since not only the presence of a
transcriptional binding site, but also its accessibility is limiting in this
context (Kulkarni and Arnosti, 2005).
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